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ABSTRACT Cytochrome P450 1b-hydroxy-
lase (P45011b) is an important steroidogenic enzyme
for glucocorticoid and mineralocorticoid production in
vertebrates. In teleosts, P45011b also plays a role in
the production of 11-ketotestosterone (11-KT), the
predominant androgen in male fish. In this study, we
cloned a cDNA encoding rainbow trout (Oncorhynchus
mykiss) testicular P45011b. The cDNA contains 1,740
nucleotides that encode a protein of 551 amino acids
whichshares65.2%homologywithtesticularP45011b
from Japanese eel, and 33–45% homology with
adrenal P45011b from rat, human, and frog. HEK293
cells transfected with an expression vector containing
the rainbow trout P45011b cDNA open reading frame
showed 11b-hydroxylating activity in the presence of
exogenous testosterone. Analysis of tissue distribution
byRT-PCR showed great abundanceof P45011b mRNA
in testis and head kidney. In order to clarify the sites of
P45011b gene expression, cRNA in situ hybridization
analysis was performed. Hybridization signals were
detected in Leydig cells and head kidney inter-renal
cells. The results of Northern blot analysis indicated a
single 1.8-kb transcript encoding P45011b in testis and
in head kidney, suggesting that the testicular form of
P45011b may also be involved in cortisol production
by inter-renal cells. Seasonal changes in total P45011b
mRNA levels in testes during spermatogenesis showed
a pattern similar to that of plasma androgens. These
results suggest that androgen production in male rain-
bow trout is partially regulated by changes in abun-
dance of P45011b mRNA. Mol. Reprod. Dev. 62:
456–469, 2002.  2002 Wiley-Liss, Inc.
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INTRODUCTION
Cytochrome P450 11b-hydroxylase (P45011b)i sa
steroidogenic enzyme which acts in the ﬁnal step of
biosynthesis of glucocorticoids and mineralocorticoids
in vertebrates, and in biosynthesis of the potent
androgen, 11-ketotestosterone (11-KT) by male teleosts
which appears to control many aspects of spermatogen-
esis. Previous studies have shown that two distinct
isoforms of P45011b, CYP11B1 and CYP11B2, exist in
human (Mornet et al., 1989; Kawamoto et al., 1990a),
mouse (Domalik et al., 1991), rat (Nonaka et al., 1989;
Mukai et al., 1993), and hamster (LeHoux et al., 1994,
1995) adrenal glands. CYP11B1 is responsible for con-
version of 11-deoxycorticosterone to corticosterone or
11-deoxycortisol to cortisol in the zona fasciculata/
reticularis, whereas CYP11B2 is expressed in the
zona glomerulosa and is responsible for conversion of
11-deoxycorticosterone to corticosterone and aldoster-
one. By contrast, in cattle (Morohashi et al., 1987, 1990;
Kirita et al., 1988), sheep (Boon et al., 1995), pig (Sun
et al., 1995), and bullfrog (Nonaka et al., 1995), only
one type of P45011b which can catalyze conversion of
11-deoxycorticosterone to aldosterone has been report-
ed. In teleost ﬁsh, Japanese eel testicular P45011b cDNA
hasrecently beenclonedandcharacterized (Jiangetal.,
1996). Eel testicular P45011b catalyzed conversion of
androstenedione to 11-hydroxyandrostenedione (Jiang
et al., 1996), and 11-deoxycorticosterone to corticoster-
one and 11-deoxycortisol to cortisol, but it did not dis-
play aldosterone synthase activity (Jiang et al., 1998).
The ability of salmonid testes to produce 11-KT via
11b-hydroxytestosterone (11b-OHT) in vitro was ﬁrst
reported by Idler and Macnab (1967), suggesting that
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DOI 10.1002/mrd.10145the testis is the tissue responsible for 11-KT production
through 11b-hydroxylation of testosterone. In vitro,
11-KT induces all stages of spermatogenesis including
proliferation of spermatogonia, meiotic division, and
spermiogenesis in Japanese eel testes (Miura et al.,
1991). These results indicate that 11-KT is directly
involved in the regulation of spermatogenesis. A proge-
stogen, 17a,2 0 b dihydroxy-4-pregnen-3-one (17, 20b-P),
has been identiﬁed as a natural maturation inducing
hormone in male and female salmonid ﬁsh (Nagahama
and Adachi, 1985). Experimental studies indicated that
17, 20b-P controls ﬁnal sperm maturation and spermia-
tion (Nagahama, 1994). The seasonal changes in circu-
lating11-KTand17,20b-Phavebeenstudiedinvarious
salmonid species including rainbow trout (Lou et al.,
1986), coho salmon (Morrison et al., 1985; Fitzpatrick
et al., 1986), and sockeye salmon (Truscott et al., 1986).
Plasma 11-KT increases during spermatogenesis and
decreases just before or during the early phases of
spawning. Conversely, 17, 20b-P levels remain low
during spermatogenesis but greatly increase during
spawning (Sakai et al., 1989; Schulz and Blum, 1990).
Thus, a distinct shift from 11-KT to 17, 20b-P appears
to occur around the onset of spermiation. These data
are consistent with the experimental evidence indicat-
ing that 11-KT controls spermatogenesis, and 17, 20b-P
is involved in ﬁnal sperm maturation and spermiation.
The steroidogenic shift from 11-KT production to 17,
20b-P production is most likely regulated by changes
in the relative activity of individual steroidogenic
enzymes. Most steroidogenic enzymes responsible for
the synthesis of estrogens and progestogens have re-
cently been characterized in rainbow trout, such as:
cholesterol side-chain cleavage cytochrome P450(Taka-
hashi et al., 1993), 3b-hydroxysteroid dehydrogenase/
D
5-4-isomerase (Sakai et al., 1994), 17a-hydroxylase/
17,20-lyase (Sakai et al., 1992), cytochrome P450 aro-
matase (Tanaka et al., 1992), and 20b-hydroxysteroid
dehydrogenase (Guan et al., 1999). However, under-
standing of the control of the ﬁnal stages of 11-KT
production has been hampered by the lack of the
molecular tools to understand the regulation of cyto-
chrome P45011b (testosterone to 11b-OHT) and 11b-
hydroxysteroid dehydrogenase (11b-OHT to 11-KT) in
rainbow trout.
Very recently, cloning of a cDNA encoding a rainbow
trout P45011b (rtP45011b) has been reported (Liu et al.,
2000). In this study, we report the cloning of a different
cDNA that appears to encode another rtP45011b. This
cDNAwas usedtoconﬁrm 11b-hydroxylating activity of
the expressed protein, to analyze expression during the
reproductive cycle of male rainbow trout, and also to
identify the cellular sites of expression in rainbow trout
steroidogenic tissues.
MATERIALS AND METHODS
Study Animals
Two-year-old rainbow trout were obtained from
Samegai Trout Hatchery, Japan, in 1996. Testes and
blood were sampled monthly, ﬁve ﬁsh at a time, from
May to November. Testis fragments were frozen using
liquid nitrogen and stored at  708C until RNA extrac-
tion. Testis fragments were ﬁxed with Bouin’s ﬁxative
to determine the developmental stage. One and two-
year-oldrainbowtroutwerealsoobtainedfromWanaka
Trout Hatchery, New Zealand, in March 2000. Testes
and head kidneys were frozen for RNA extraction, or
ﬁxed with 4% paraformaldehyde for in situ hybridiza-
tion analysis.
Cloning and Sequencing
RNA extraction and cDNA synthesis. Total RNA
was isolated by single-step guanidinium isothiocyanate-
phenol-chloroform extraction using ISOGEN (Nippon-
Gene, Toyama, Japan). First strand cDNA was reverse-
transcribed for PCR reactions using Superscript II
RNase H
  reverse transcriptase (Life Technologies,
Inc., Grand Island, NY). In order to assess individual
variation in the sequence of P45011b cDNA, three sets
of rainbow trout testis cDNAs were prepared using
three different ﬁsh obtained in May, September, and
December 1996, respectively.
Sequence analysis. All PCR products in this clon-
ing procedure were extracted from the gel using QIAEX
II (QIAGEN, Hilden, Germany) and inserted into
pGEM-T Easy vector (Promega Corp., Madison, WI).
The plasmids were isolated and sequenced using an
ABI PRISM 377 DNA Sequencer (PE Applied Biosys-
tems, Foster City, CA). The database searches were
performed using BLAST. Homology analysis of the nu-
cleotide sequences and deduced protein sequences were
performed using SeqEd (PE Applied Biosystems) and
DNASIS software (Hitachi Software Engineering Co.,
Japan).
PCR ampliﬁcation. Based on a search of GenBank
sequences, four conserved amino acid regions for
P45011b were selected from rat (Mukai et al., 1993)
and bullfrog adrenal P45011b (Nonaka et al., 1995) and
Japanese eel testicular P45011b (Jiang et al., 1996). Two
pairs of degenerate oligonucleotide primers were de-
signed (Table 1, [1]–[4]). First-strand cDNA synthe-
sized from the RNA extracted from the testis of a ﬁsh
in September 1996 was subjected to 30 cycles of PCR
ampliﬁcation with NITELMA (Table 1, [1]) and
AFGFGSRQ (Table 1, [3]) primers using GeneAmp
core reagents (PE Applied Biosystems) containing 2 ml
of cDNA template, 1 mlo f5 0 primer (20 mM), 1 mlo f3 0
primer (20 mM), 2 mlo f1 0 PCR buffer, 1.6 ml of 2.5 mM
dNTP, and 1 U (0.2 ml) of Ampli Taq (PE Applied
Biosystems). PCR ampliﬁcation was performed under
the following conditions: 1 min denaturation at 948C, 1
min annealing at 558C, and 1 min extension at 728C for
30 cycles. The ﬁnal extension was at 728C for 5 min.
Subsequently, a nested PCR ampliﬁcation was con-
ducted using YELARNP (Table 1, [2]) and NYHIPAG
(Table 1, [4]) primers under the same PCR conditions.
The220-bpPCRproductswereobtainedandsequenced.
Subsequently, the rapid ampliﬁcation of cDNA ends
method (RACE) was utilized to obtain a full-length
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One microgram of poly(A)
þ RNA was isolated using
Oligotex-dT30 (Takara Shuzo, Shiga, Japan) from the
total rainbow trout testes RNA sample obtained in May
1996. Double strand cDNA was synthesized using a
Marathon cDNA Ampliﬁcation Kit (Clontech Labora-
tories, Inc., Palo Alto, CA), and Marathon cDNA
Ampliﬁcation adaptors (Clontech Laboratories, Inc.)
were ligated. Speciﬁc primers for 50 RACE Primer 1 [5]
and 2 [6] and 30 RACE Primer 1 (Table 1, [7]) and 2
(Table 1, [8]) were designed, based on the nucleotide
sequence of 220-bp PCR products. The RACE PCR
reactions in this study were carried out using the fol-
lowing mixture: 2 ml of cDNA template, 0.4 ml of speciﬁc
primer (10 mM), 0.4 ml of Adaptor primer (10 mM), 2 mlo f
10 PCR buffer, 2 ml of 25 mM MgCl2, 0.4 mlo f1 0m M
dNTP, and 1 U (0.2 ml) of Takara LA Taq (Takara
Shuzo), which was mixed with 0.2 ml of TaqStart
Antibody (Clontech Laboratories, Inc.) before applying
to a PCR tube.
The ﬁrst PCR ampliﬁcation of the 50 region was
performed using 50 RACE Primer 1 and Adaptor Primer
1 (Clontech Laboratories, Inc.) under the following con-
ditions: 1 min, 948C; 30 sec, 948C; and 4 min, 728C for
5 cycles; 30 sec, 98C; and 4 min, 708C for 5 cycles; 30 sec,
948C; and 4 min, 688C for 25 cycles. For further charac-
terization of the 50 end sequence of rtP45011b,5 0RACE
Primer 2 was designed, based on the sequence data
from the ﬁrst 50RACE PCR products, and a second PCR
ampliﬁcation was conducted under the same PCR con-
ditions using 50RACE Primer 2 and Adaptor Primer 1.
The ﬁrst PCR ampliﬁcation of the 30 region was car-
ried out using 30 RACE Primer 1 and Adaptor Primer 1,
and subsequently a nested PCR ampliﬁcation was
performed with 30 RACE Primer 2 and Adaptor Primer
2 (Clontech Laboratories, Inc.) under the same ampli-
ﬁcation conditions as the 50RACE PCR ampliﬁcation.
Based on the sequences of 50 and 30 RACE PCR, 50 end
11b (Table 1, [9]), and 30 end 11b (Table 1, [10]) primers,
which include noncoding region nucleotide sequences,
were designed to characterize the full coding region
of rtP45011b. cDNA was synthesized from the RNA
extracted from the testis of a ﬁsh in December 1996.
PCR ampliﬁcation was performed under the following
conditions: 1 min at 948C for denaturing, 1 min at 558C
for annealing, and 2 min at 728C for extension for
30 cycles. The ﬁnal extension was at 728C for 5 min.
Takara LA Taq (Takara Shuzo) was used for this PCR
reaction.
Enzymatic Activity of Rainbow Trout P45011b
Expressed in HEK293 Cells
Construction of the expression vector. The
rtP45011b open reading frame was isolated by PCR,
using the 50 end 11b2 (Table 1, [11]) and 30 end 11b2
(Table 1, [12]) primers. The ampliﬁed rtP45011b cDNA
was inserted in the EcoRI site of pcDNA 3.1(þ)
(Invitrogen, Carlsbad, CA). The constructed plasmid
was sequenced to conﬁrm the nucleotide sequence of
the rtP45011b insert.
Transient expression and enzymatic activity.
HEK293 cells (7.5 10
4 cells/well) were plated in 8-well
of a 24-well cell culture plate and incubated 16–18 hr in
0.5 ml of Dulbecco’s modiﬁed Eagle’s medium (Life
Technologies, Inc.) containing 10% fetal bovine serum
(Life Technologies, Inc.) at 378C under an atmosphere
of 5% carbon dioxide. One microgram of the expression
vector, either pcDNA 3.1(þ) containing rtP45011b cDNA
(pcDNA11b) or pcDNA 3.1(þ) containing no insert DNA
(pcDNA), was transfected into HEK293 cells (four repli-
cates each) using LipofectAMINE (Life Technologies,
Inc.) as described by the manufacturer. The cells were
incubated for 16 hr and were then exposed to 100 ng of
testosterone. After 48 hr of further incubation, media
were collected and stored at  208C until steroid assay
for 11b-OHT.
Steroid measurements. Steroids were extracted
from incubation media using diethyl ether, as pre-
TABLE 1. Oligonucleotide Primer Sequences for Rainbow Trout P45011b
and b-actin
Primer name Oligonucleotide primer sequences
[1] NITELMA 50-AAYATHACXGARYTXATGGC-30
[2] YELGRNP 50-TTYGARCTXGCXMGXAAYCC-30
[3] AFGFGARQ 50-TGXCKXGCXCCRAAXCCRAAXGC-30
[4] NYHIPAG 50-CCXGCXGGDATRTGRTARTT-30
[5] 50 RACE primer 1 50-CCTGAGGGTCTCCTTGACGAGTCCCTTC-30
[6] 50 RACE primer 2 50-GOCAAGGGTGTTGAAGGTCCTCTCCAT-30
[7] 30 RACE primer 1 50-GAGCTGGCAAGGAACCCGGCAGTGCAG-30
[8] 30 RACE primer 2 50-GCAAGGAACCCGGCAGTGCAGGAACAG-30
[9] 50 end 11b 50-AGGTGGTGAAGCTATGA-30
[10] 30 end 11b 50-TATGTGTCAGAGTGTGCTGA-30
[11] 50 end 11b25 0-GCCACCATGTGGAGTGTATCTGTGAG-30
[12] 30 end 11b25 0-TCAGAGTGTGCTGACGGTGAT-30
[13] 11b sense 50-GTCTCTGGAGCTCATTAGAG-30
[14] 11b antisense 50-CAGGATGTGCATCAGTAGCA-30
[15] b-act sense 50-CCTCACAGACTACCTGATGA-30
[16] b-act antisense 50-TCGTACTCCTGCTTGCTGAT-30
D¼AþTþG, H¼AþCþT, K¼TþG, M¼AþC, R¼AþG, X¼AþCþTþG, Y¼CþT.
458 M. KUSAKABE ET AL.viously described (Kagawa et al., 1981). 11b-OHT levels
were measured by radioimmunoassay (RIA) using the
methodology of Lokman et al. (2002). In order to avoid
cross-reactivity with testosterone, the samples were
chromatographed on custom-made glass Pasteur pip-
ette columns ﬁlled with 400 mg of Sephadex LH-20
(Pharmacia Biotech, Uppsala, Sweden) in 15% ethanol.
The efﬁcacy of the separation on these columns was
conﬁrmed with tritiated testosterone and 11b-OHT
using 15% ethanol as solvent (data not shown). The
11b-OHT fraction was freeze-dried and reconstituted
in assay buffer for measurement of 11b-OHT by RIA.
Samples reading less than 30 pg/ml were considered
nondetectable (Kagawa et al., 1981).
Reverse Transcription and Polymerase
Chain Reaction (RT-PCR)
Total RNAs were prepared from brain, pituitary, gill,
heart, head kidney (containing cortisol-producing
inter-renal cells), posterior kidney, liver, spleen, pyloric
caeca, intestine, testis, ovary, muscle, skin, and blood of
2-year-old rainbow trout using Trizol (Life Technolo-
gies, Inc.). Five hundred nanograms of poly(A)
þ RNAs
from each tissue were isolated using Oligotex-dT30
(Takara Shuzo) and incubated with 5 U of DNaseI at
378C for 1 hr in 10 mM MgCl2 and 2 mM CaCl2 to avoid
genomic DNA contamination. DNaseI was inactivated
by heat denaturation at 708C for 10 min. DNaseI
treated poly(A)
þ RNA (11.5 ml: 500 ng) was denatured
and primed with 0.5 ml (0.25 mg) of oligo(dT)12–18 at
708C for 10 min, and then incubated with 200 U (1 ml) of
Superscript II RNase H
  reverse transcriptase (Life
Technologies, Inc.), 4 mlo f5  First strand synthesis
buffer (Life Technologies, Inc.), 2 ml of 0.1 M DTT, and
1 ml of 10 mM dNTP at 428C for 1 hr.
The oligonucleotide primers used for RT-PCR, 11b
sense (Table 1, [13]), and 11b antisense (Table 1, [14])
for rtP45011b,b-act sense (Table 1, [15]) and b-act
antisense (Table 1, [16]) for rainbow [16] trout b-actin
(rtb-actin) were designed from the rtP45011b and rtb-
actin sequence data (unpublished). All PCR reactions
were carried out with 1 ml of cDNA template using 1 U
(1 ml) of Taq DNA Polymerase (Roche Molecular
Biochemicals, Mannheim, Germany) with 1 mlo f2 0mM
sense primer, 1 mlo f2 0mM antisense primer, 2 mlo f
10 PCRreactionbuffer(contains15mMMgCl2),0.4ml
of 10 mM dNTP, and 13.6 ml of sterile distilled water.
During the PCR cycle, the samples were denatured
at 948C for 20 sec, annealed at 608C for 20 sec, and
extended at 728C for 30 sec. The ﬁnal extension was
at 728C for 5 min. Thirty cycles were performed for
rtP45011b and rtb-actin DNA fragment ampliﬁcation.
The RT-PCR products were separated on 1.5% (w/v)
agarose gels. A 100-bp DNA Ladder (Life Technologies,
Inc.) was used for standard size markers. Gels were
stained with ethidium bromide and examined on a UV
transilluminator. DNA bands were photographed with
a video camera (UVIDOC, Cambridge, England).
To assess individual variation in the tissue distri-
bution of rtP45011b mRNA, two other sets of cDNAs
obtained from two different 2-year-old ﬁsh were used
for RT-PCR analysis.
In Situ Hybridization Analysis
In situ hybridization was employed using a simpliﬁed
method described by Braissant and Wahli (1998) with
minor changes. A 525-bp rtP45011b cDNA fragment was
used to synthesize digoxigenin (DIG) labeled anti-
sense and sense cRNA probes (DIG RNA Labeling
Kit, Roche Molecular Biochemicals). The region used
for DIG labeled cRNA probes is indicated by an under-
line on Figure 1.
Testis fragments were ﬁxed with 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (PBS) for 40 hr
at 48C. The testis fragments were dehydrated and
embedded in parafﬁn and sections (8mm) were mounted
on poly-L-lysine coated slides (BDH Laboratory Sup-
plies, Poole, England) and air-dried for 16–18 hr at
378C.
Sections were deparafﬁnized, treated with 5 mg/ml
proteinase K (Roche Molecular Biochemicals) in Tris/
EDTA (100/50 mM, pH 7.5), and then processed as
described in Braissant and Wahli (1998). Hybridized
probes were washed at room temperature for 30 min
in 2 SSC (0.9 M NaCl and 0.15 M sodium citrate,
pH 7.0), at 658C for 1 hr in 1 SSC and 658C for 1 hr in
0.1 SSC, and immunologically detected using an anti-
DIG antibody. Slides were stained with 4-nitro blue
tetrazolium chloride (450 mg/ml) and X-phosphate/
5-bromo-4-chloro-3-indolyl-phosphate (175 mg/ml) for
16–18 hr at room temperature. Nonspeciﬁc staining
was removed by washing in 95% ethanol for 1 hr.
Sections were mounted using Aquamount (BDH
Laboratory Supplies).
Northern Blot Analysis
Total RNA was extracted from rainbow trout testes
obtained from three to ﬁve males monthly from May to
December in 1996 and head kidney of an adult rainbow
trout using Trizol (Life Technologies, Inc.). Poly(A)
þ
RNA was isolated from total RNA using Oligotex-dT30
(Takara Shuzo). Four micrograms of testis poly(A)
þ
RNA from each ﬁsh and head kidney poly(A)
þ RNA
were separated by electrophoresis on a 1% agarose gel
containing formaldehyde, and transferred to a nylon
membrane (Zeta-Probe GT, Bio-Rad Laboratories,
Hercules, CA). The rtP45011b probe was synthesized
by the random primer labeling method using the
Megaprime DNA Labeling System (Amersham Inter-
national, Amersham, UK) and [a
32P]-dCTP (Amersham
International). The membrane was pre-hybridized at
658C for 2 hr in a solution containing phosphate buffer
pH 7.2 (0.5 M Na2HPO4 add 0.5 M NaH2PO4 up to
pH 7.2), 7% SDS, 1 mM EDTA, and 10% dextran
sulphate (Church and Gilbert, 1984). Hybridization
was carried out with the denatured
32P-labeled cDNA
probe at 658C for 24 hr using the hybridization buffer.
The membrane was washed at room temperature for
2 10 min in 2 SSC containing 0.1% SDS, at 658C
for 2 20 min in 1 SSC containing 0.1% SDS and
RAINBOW TROUT 11b-HYDROXYLASE (P45011b) 459658C for 1 20 min in 0.1 SSC containing 0.1% SDS.
The membrane was exposed to autoradiographic ﬁlm,
BioMax (Kodak, Rochester, NY), at  708C for 3 days.
The band intensities were measured using a 2202
ULTROSCAN Laser Densitometer (LKB Wallac,
Sweden). Rainbow trout b-actin cDNA was used to
assess loading variation.
Developmental Stages of Rainbow Trout Testes
Sections of rainbow trout testis were stained by
hematoxylin and eosin and the developmental stages
in each sample were determined based on the follow-
ing deﬁnition (Grier et al., 1981). (1) Spermatogonial
proliferation—only spermatogonia present in cysts;
(2) early maturation—spermatogonia and spermato-
cytes present; (3) mid maturation—all sperm develop-
mental stages present; (4) late maturation—sperm
become dominant in seminal lobule, and number of
developing sperm cysts declines; and (5) functional
maturation—inside of seminal lobule and testicular
duct is ﬁlled with sperm, and very few spermatocytes
present.
Fig. 1. Nucleotide sequence and deduced amino acid sequence of rainbow trout P45011b (rtP45011b).
The regions used for the degenerate primer design are indicated by Arrow [1]–[4]. The probe used for in
situ hybridization analysis is indicated by underlining. The region ampliﬁed by RT-PCR analysis is
shadowed.
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Sex steroids were extracted according to the procedu-
res described by Kagawa et al. (1981), and testosterone
and 11-KT levels were measured by radioimmunoassay
as previously described (Kagawa et al., 1982; Ueda
et al., 1985).
RESULTS
Cloning and Sequencing
A 1,740-bp cDNA fragment containing a 1,653-bp
open reading frame, and encoding a predicted protein
consisting of 551 amino acids was obtained using the
RACE method (Fig. 1). A 1.2-kbp fragment was am-
pliﬁed with 50 RACE Primer1 (Table 1, [5])and Adaptor
Primer 1 (Clontech Laboratories, Inc.) from the 50
RACE PCR. Because the start codon was not contained
in the 1.2-kbp fragment, a second 50 RACE PCR
ampliﬁcation was performed using 50 RACE Primer 2
(Table 1, [6]) and Adaptor Primer 1, and a 400-bp
fragment was obtained. For the 30 RACE PCR, a 600-bp
fragment was ampliﬁed with 30 RACE Primer 2
(Table 1, [8]) and Adaptor Primer 2 (Clontech). The
coding region sequence was conﬁrmed using 50 end
11b (Table 1, [9]) and 30 end 11b (Table 1, [10]) primers.
The predicted amino acid sequence shares 96.7%
homology with rtP45011b Type 2 (Liu et al., 2000;
Genbank accession number AF217273), 65.2% with
Japanese eel, Anguilla japonica, testis P45011b (Jiang
et al., 1996), 45.2% with adrenal P45011b of bullfrog
(Nonaka et al., 1995), 37.3% with adrenal P45011b of rat
(Nonaka et al., 1989), and 33.0% with adrenal P45011b
ofhuman (Kawamotoetal., 1990b) (Fig. 2). Comparison
of four different putative binding regions which are
common in P450 enzymes (Gotoh et al., 1983; Moroha-
shi et al., 1987; Poulos et al., 1987; Nonaka et al., 1989,
1995) is shown in Figure 2. These binding regions of
rtP45011b share higher homology with those of human
adrenal P45011b than the average value (33.0%): 58.3%
homology in the steroid binding site, 64.0% in the
oxygen binding site, 68.8% in the heme/steroid binding
site, and 77.3% in the heme binding site (Fig. 2).
Enzymatic Activity of Rainbow Trout P45011b
11b-OHT was detected in the medium of P45011b
transfected HEK293 cells, but it was undetectable in
the pcDNA (absence of rtP45011b insert) transfected
cells (Fig. 3). The conversion rate of testosterone to 11b-
OHT was low (0.25%).
Transcript Size and Tissue
Distribution of rtP45011b mRNA
A single 1.8-kb transcript was detected in rainbow
trout testis and head kidney by Northern blot analysis
(Fig. 8). Using RT-PCR, an abundant 520-bp band was
detected in head kidney and testis RNA, and a weaker
signal was also found using posterior kidney and spleen
RNA (Fig. 4). No signal was obtained from brain, pitui-
tary, gill, heart, liver, pyloric caeca, intestine, ovary,
muscle, skin, or blood RNA. The same results were
obtained from the three sets of cDNAs synthesized from
three different ﬁsh.
In Situ Hybridization Analysis
cRNA in situ hybridization revealed signals in Leydig
cells and head kidney inter-renal cells from juvenile
and maturing rainbow trout testes (Fig. 5). Leydig cells
in juvenile ﬁsh testes formed clusters, whereas Leydig
cells in adult ﬁsh testes were found in interstitial tissue
surrounding the spermatogenic cysts. rtP45011b tran-
scripts were not detected in posterior kidney and spleen
using this method (data not shown).
Changes in Gonadosomatic Index (GSI)
ChangesintheGSI(gonadweight/bodyweight 100)
during spermatogenesis of Samegai trout (1996) are
shown in Figure 6A. The sampling date and the
corresponding developmental stages are shown in
Figure 6B. The GSI was maintained at low levels in
males containing testes from the spermatogonial
proliferation stage to the early maturation stage (0.2–
0.5%). The GSI began to increase between the early and
mid maturation stage and reached a peak (5.0%) in
October. After onset of spermiation (functional matura-
tion stage), the GSI declined (3.1%).
Seasonal Changes in Plasma
Steroid Hormone Levels
Changes in plasma testosterone and 11-KT levels
from May to November 1996 are shown in Figure 7.
Testosterone and 11-KT levels showed a trend for a
gradual but progressive increase from 6 ng/ml in May
(spermatogonial proliferation stage) to 12 ng/ml in
early September (mid maturation stage), when GSI
began increasing. Testosterone and 11-KT levels then
increased 5–10-fold to peak at the late maturation
stage (late October). As testes reached the functional
maturation stage (December), testosterone and 11-KT
levels signiﬁcantly declined.
Seasonal Changes in Rainbow
Trout P450 11b-Hydroxylase mRNA Levels
Seasonal changes in relative abundance of testicular
rtP45011b mRNA were assessed using Northern blot
analysis. A representative Northern blot of seasonal
changes in rtP45011b is shown in Figure 8. Although
plasma testosterone and 11-KT levels were low during
the early maturation stage (June), strong rtP45011b
mRNA signals were obtained. In the mid- and the
late-maturation stages (from September to October),
rtP45011b mRNA signals were weak. rtP45011b mRNA
signals were elevated again at the functional matura-
tion stage (December). We intended to use rtb-actin
cDNA as an internal control to normalize loading vari-
ations. However, strong rtb-actin mRNA signals were
also found during the early maturation stage and weak
signals during the mid to late maturation stage (Fig. 8).
Although it was expected that rtP45011b mRNA
levels would increase as a basis for the prominent rise
in 11-KT in later stages of spermatogenesis, changes in
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proﬁle. Therefore, we conducted in situ hybridization to
analyze Leydig cell distribution and rtP45011b mRNA
abundance in immature and mature testes (Fig. 9).
Immature (pre-spermatogenic) testes sampled from
juvenile ﬁsh showed more rtP45011b mRNA signals
than those of testes from adult ﬁsh on a surface area
basis. Semi-quantitative RT-PCR analysis was also
carried out using 5 mg total RNA extracted from the
same testis samples as the in situ hybridization
Fig. 2. Homology alignment of predicted amino acid sequences
between rtP45011b and those of other species. Amino acids identical to
those in other species are indicated by asterisks (*). (:) indicates
conserved substitution and (.) indicates semi-conserved substitution.
The regions enclosed in boxes have been previously reported as
putative binding sites for P450 enzymes: (1) steroid binding site
(Morohashi et al., 1987), (2) oxygen binding site (Poulos et al., 1987;
Nonaka et al., 1995), (3) heme/steroid binding site (Nonaka et al.,
1989), and (4) heme binding site (Gotoh et al., 1983). The amino acids
conserved among all the cytochrome P450 enzymes are highlighted by
gray boxes. Arrowheads indicate the amino acids which are different
between rainbow trout P450 Type 1 and 2.
462 M. KUSAKABE ET AL.analysis. The results also showed stronger signals in
testis RNA from juveniles on a unit RNA basis.
In order to describe changes in rtP45011b mRNA
levels on the basis of absolute amounts per testis and to
circumvent the problem of variation in b-actin mRNA,
we measured the total testes weight in each ﬁsh and
also measured the weight of frozen tissue used for
poly(A)
þ RNA extraction. Knowing the yield of poly(A)
þ
RNA extracted from each testis sample, we were able
tocalculatethe total amountof poly(A)
þ RNA contained
within the testis. By factoring in the band density
obtained from Northern blots, we were able to give an
estimate of the level of rtP45011b mRNA per testis as
follows:
Band intensity from Northern blot
 
Total gonad weight
Tissue weight used for RNA extraction
  Weight of polyðAÞ
þ RNA extracted
Seasonal changes in rtP45011b mRNA levels are
presented in Figure 10 as a ratio of the levels in May.
rtP45011b mRNA levels were low during the early
maturation stage (May to July). rtP45011b mRNA levels
increased during the mid maturation stage (September
and October) and peaked at the late maturation stage
(late October). These changes paralleled those seen
for plasma androgen levels. As plasma testosterone
and 11-KT levels declined (functional maturation
stage, December), rtP45011b mRNA levels signiﬁcantly
declined.
DISCUSSION
A 1,740-nucleotide cDNA encoding a rainbow trout
testicular cytochrome P45011b of 551 amino acids has
been cloned in this study. Following its transfection
into mammalian cells in vitro, we have shown that
rtP45011b catalyzed the conversion of testosterone to
11b-OHT. However the conversion rate was only 0.25%.
Use of an adrenodoxin expression vector, as a mediator
of electron transfer from NADPH to cytochrome P450
enzymes (Lambeth et al., 1979), may increase the 11b-
hydroxylating rate. Nevertheless, the results clearly
show that the expressed protein has catalytic proper-
ties of P45011b.
Analysis of tissue distribution of rtP45011b tran-
scripts by RT-PCR showed great abundance in testis
and head kidney. These sites of expression were found
to correspond to Leydig cells and head kidney inter-
renal cells by in situ hybridization analysis. Northern
Fig. 3. Enzymatic activity of rainbow trout P45011b expressed in
HEK293 cells. HEK293 cells (7.5 10
4 cells/well, 0.5 ml incubation
medium) were transfected with 1 mg of the expression vector, either
pcDNA 3.1(þ) with rtP45011b insert (pcDNA11b) or without rtP45011b
insert (pcDNA). After 16 hr, testosterone (100 ng/well) was added as a
substrate and the transfected cells were incubated for a further 48 hr.
11b-hydroxytestosterone levels in incubation media were measured
by radioimmunoassay. Values less than 30 pg/ml were considered
nondetectable (ND).
Fig. 4. Tissue distribution of rainbow trout P45011b mRNA. The ﬁrst strand cDNAs were synthesized
from 0.5 mg ofpoly(A)
þ RNAs of 2-year-old rainbow trout. PCR ampliﬁcation for rainbow trout P45011b and
b-actin was carried out under the following conditions: denatured at 948C for 20 sec, annealed at 608C for
20 sec, and extended at 728C for 30 sec. Thirty cycles were performed. (þ): reverse transcriptase added.
( ): no reverse transcriptase added. The region ampliﬁed by RT-PCR is indicated in Figure 1.
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testis and head kidney RNA. The results suggest that
rtP45011b in testis and in head kidney may be identical,
although these two tissues have different steroido-
genic functions. rtP45011b in testis is involved in 11-KT
production, whereas rtP45011b in head kidney cata-
lyzes the ﬁnal step in cortisol biosynthesis. Another
rtP45011b cDNA (Type 2) has been recently isolated (Liu
et al., 2000; GenBank accession number AF217273).
The homology between the two rtP45011b is 98% for the
nucleotide sequence and 96.7% for the amino acid
sequence in the coding region. In this study, in order to
conﬁrm the P45011b sequence, 24 plasmid cDNAs were
sequencedfortheﬁrst220-bpPCRproducts,12plasmid
cDNAs were sequenced for the 50 RACE PCR products,
10 plasmid cDNAs were sequenced for the 30 RACE
PCR products, and 8 plasmid cDNAs were sequenced
for the full-length P45011b PCR products. We consis-
tently detected two different types of rtP45011b cDNA
and one was identical to the cDNA recently isolat-
ed by Liu et al. (2000). The overall number of se-
quences detected as rtP45011b Type 1 was 25, whereas
31 sequences corresponded to rtP45011b Type 2. There-
fore, it is possible that two highly homologous rtP45011b
proteins exist in rainbow trout, possibly encoded for by
two different rtP45011b genes. Whether these proteins
have different functions or patterns of expression is not
currently known. Analysis of the noncoding region may
give clues to understand the possible functional differ-
ence between these two highly homologous rtP45011b.
However, the rtP45011b cDNA clone characterized in
our study lacks a complete 30 end noncoding region,
possibly due to an adenine rich region at the beginning
of the 30 end noncoding region. The cDNA library for
RACE PCR was constructed using a modiﬁed lock-
docking oligo(dT) primer, therefore it is possible that
theﬁrststrandcDNAwassynthesizedfromtheadenine
rich region. Further analysis of the 30 end noncoding
regions is required to determine whether these cDNAs
simply reﬂect gene duplication, since genome duplica-
tion is thought to have occurred in ﬁsh (Meyer and
Schartl, 1999). Whether the amino acid differences
between the two rtP45011b proteins affect catalytic pro-
perties is similarly not yet known. It is worth noting,
Fig. 5. In situ hybridization of rainbow trout testis. Sections were
incubated with DIG-labeled P45011b cRNA probe for 40 hr at 588C.
Hybridization signals were detected immunologically and visualized
with 4-nitro blue tetrazolium chloride and X-phosphate/5-bromo-4-
chloro-3-indolyl-phosphate. A-1–4: Testis of juvenile ﬁsh; (B-1–4)
testis of mid maturation stage; and (C-1–4) head kidney of mature
male. Column 1: hematoxylin/eosin stained sections. Column 2–3:
In situ hybridization sections, hybridized with antisense probe.
Column 4: In situ hybridization sections, hybridized with sense probe.
P45011b mRNA signals were detected in Leydig cells of testes of
juvenile and mature ﬁsh and head kidney inter-renal cells. Cells
positive for DIG-labeled P45011b antisense probe are indicated by solid
arrows. Hollow arrows indicate melanin granules.
464 M. KUSAKABE ET AL.though, that for the two highly homologous rainbow
trout carbonyl reductase-like 20b-hydroxysteroid dehy-
drogenases, a single amino acid difference accounts
for the complete lack of enzymatic activity of one of
them(Guan etal., 2000).Aminoacid residues which are
different between the two rtP45011bs are located evenly
through the whole amino acid sequence, and therefore,
the high homology of the cDNAs precludes discrimi-
nation by PCR and hybridization analyses such as
Northern blot and in situ hybridization. However, none
of these different amino acid residues are located in
the putative binding sites. These results suggest that
the catalytic properties of the two rtP45011b may be
identical. Analysis of the catalytic properties of the two
rtP45011b proteins using androgen and corticosteroid
substrates is underway. Information on the enzymatic
activity of a teleost P45011b protein is restricted: eel
P45011b could utilize both androgen and corticosteroid
substrates but did not display aldosterone synthase
activity (Jiang et al., 1996, 1998).
Head kidney showed constantly high rtP45011b mRNA
levels (data not shown), whereas rtP45011b mRNA
levels in testis varied seasonally (Fig. 8). Surprisingly,
Northern blot analysis of seasonal changes in rtP45011b
Fig. 6. A: Changes in gonadosomatic index (%) during spermatogenesis. Data are shown as the mean
and SE, and number of samples per data point is shown in parentheses. One-way ANOVA was performed
(F(6, 28)¼19.931, P¼0.0001). Values not sharing a letter are signiﬁcantly different by Fisher’s PLSD
Test (P<0.05); (B) developmental stages of rainbow trout testes for each sampling point. SG,
spermatogonia; SCY, spermatocytes; SP, sperm.
RAINBOW TROUT 11b-HYDROXYLASE (P45011b) 465mRNA in testes revealed low levels during the later
stages of spermatogenesis, when 11-KT levels were
relatively high. Liu et al. (2000) also found a decrease in
rtP45011b mRNA levels in later stages of spermatogen-
esis, although they did not report androgen levels or
GSI. We suspected the reason for these results was
because the proportion of Leydig cells to other cells
became progressively reduced during spermatogene-
sis as germ cell numbers increased. Notably, trans-
cript levels increased in testes in the late maturation
stage (Stage IV) and were high in functionally mature
(spermiating, Stage V) testes. In situ hybridization
analysis clearly showed more Leydig cells in testes of
juvenile ﬁsh compared to adult ﬁsh on a surface area
basis. Additionally, rtP45011b mRNA levels appeared
higher in juvenile than in adult ﬁsh on a unit RNA
Fig. 7. Changes in the plasma testosterone and 11-ketotestosterone levels of male rainbow trout
during spermatogenesis. Data are shown as the mean and SE, and number of samples per data point are
shown in parentheses. One-way ANOVA was performed (Testosterone: F(6, 28)¼13.738, P¼0.0001. 11-
KT: F(6, 28)¼9.537, P¼0.0001). Values not sharing a letter are signiﬁcantly different by Fisher’s PLSD
Test (P<0.05), testosterone (A–C), 11-KT (a–c).
Fig. 8. Representative Northern blot showing seasonal changes in
rainbow trout P45011b and b-actin mRNA. Four micrograms of
rainbow trout testis and head kidney poly(A)
þ RNA was separated
on a 1% agarose gel containing formaldehyde. The cDNAs encoding
rainbow trout P45011b and b-actin were labeled with [a
32P]-dCTP.
*HK, head kidney.
Fig. 9. In situ hybridization analysis of rainbow trout testes at
juvenile and mid maturation stages using DIG labeled rainbow trout
P45011b cRNA probe, and RT-PCR estimation of rainbow trout P45011b
mRNA levels. J-1: juvenile 1, (J-2) juvenile 2, (M-1) mid maturation
testis 1, and (M-2) mid maturation testis 2. Five micrograms of total
RNAs were reverse transcribed for RT-PCR analysis. PCR ampliﬁca-
tion was performed under the following conditions: denatured at 948C
for 5 sec, annealed at 608C for 20 sec, and extended at 728C for 30 sec,
25 cycles. (þ), reverse transcriptase added; ( ), no reverse transcrip-
tase added.
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mature adult ﬁsh are 1,000 times larger than those of
juvenile ﬁsh. Therefore, in order to estimate the 11b-
hydroxylase potential of testes, we calculated rtP45011b
mRNA levels per gonad, rather than per unit RNA or
unit surface area. After the Northern blot data were
normalized based on gonadal size, the proﬁle of
rtP45011b mRNA levels corresponded well to the
seasonal proﬁle of testosterone and 11-KT production.
Although GSI increased signiﬁcantly in early Septem-
ber before a signiﬁcant increase in plasma androgens, a
doubling of the concentration of these steroids occurred
at this time, apparently sufﬁcient to accelerate sper-
matogenesis. It is also conceivable that intra-testicular
androgen levels increased before a prominent rise in
plasma levels, but this remains to be demonstrated. A
variety of previous studies have shown the involvement
of 11-KT in spermatogenesis in teleosts (Schulz et al.,
2000). The correspondence of the seasonal changes in
rtP45011b mRNA levels in testes and plasma 11-KT
production implies that rtP45011b is one of the key
enzymes regulating 11-KT production. It is however,
still not certain whether the changes in rtP45011b
mRNA levels are due to changes in rtP45011b gene
expression in individual Leydig cells or due to changes
in the number of Leydig cells during the reproductive
cycle. In order to address this question, in situ hy-
bridization analysis at different developmental stages
and/or Leydig cell isolation will be required. We found
that b-actin was an inappropriate housekeeping gene
for normalization of loading variation: rainbow trout
b-actin mRNA levels in testes appeared to change by
several-fold during the reproductive cycle, with a pro-
gressive reduction occurring in the middle period of
spermatogenesis, as rtP45011b mRNA hybridization
signals similarly declined. Whether this reﬂects an
absolute change in b-actin mRNA levels, or a substan-
tial increase in other mRNAs during a period of rapid
testis growth is unclear (Liu et al., 2000). Any changes
in efﬁciency of RNA extraction would be relatively
minor compared to the substantial changes seen in
b-actin mRNA and rtP45011b mRNA levels. The
problems identiﬁed here in normalization are likely to
be encountered in studies on animals whose gonads
show considerable changes in size during gamete pro-
duction due to the proliferation of huge numbers of
germ cells.
The isolation and characterization of rtP45011b
provides another tool for understanding the molecular
basis of the cortisol stress response, sexual maturation,
andseasonalreproductivecyclesinsalmonids.Further-
more, the rtP45011b sequence data provides information
of use in the characterization of steroidogenic enzyme
genes in other species.
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